Results

ure 1C)
. The time course of endocytosis can be well described by a single exponential and a time constant () of 9.3 Ϯ 2.3 min ( Figure 1C ). Blocking synaptic activity Constitutive and Activity-Dependent Endocytosis of AMPARs with the Na ϩ channel blocker TTX dramatically reduced the rate of AMPAR internalization, as reflected by an To directly test whether AMPARs undergo activity-dependent endocytosis, biotinylation assays of receptor interincrease in the time constant to 14.6 Ϯ 2.9 min, and decreased the extent of internalization, with 4.6% Ϯ nalization were performed on cultured cortical neurons. Excitatory synaptic transmission in the cultures was de-1.5% of surface AMPARs internalized after 30 min (Figures 1B and 1C) . Conversely, increasing synaptic activity creased or increased, beginning 1 hr prior to biotinylation, by adding tetrodotoxin (TTX, 2 M) or picrotoxin by blocking inhibitory GABAergic transmission with the GABA A receptor antagonist picrotoxin accelerated (100 M), respectively. Neurons were maintained in these pharmacological agents for all steps and incuba-AMPAR internalization 2-fold ( ϭ 4 In all experiments, cells were incubated for 1 hr prior significant effect on the steady-state amount of AMPAR subunit present at the cell surface ( Figure 1F ), sugto biotinylation and in all subsequent steps with the lysosomal protease inhibitor leupeptin (100 g/ml) to gesting that insertion of AMPARs might also be regulated by activity. Treatment with picrotoxin plus D-AP5, prevent degradation of internalized receptors. Under these conditions, internalized AMPARs were metabolihowever, did cause a small reduction in the percent surface expression of AMPARs (58.4% Ϯ 1.8% versus cally stable and showed very little degradation up to 60 min after endocytosis (see Figure 2A , left two lanes each 67.6% Ϯ 2.3% for control, p Ͻ 0.05, t test). To determine whether synaptic activity has a specific panel, and data not shown).
In further experiments, addition of the NMDAR antageffect on AMPAR internalization or causes a more general effect at excitatory synapses, endocytosis of the onist D-AP5 (50 M) significantly reduced the rate of AMPAR endocytosis in picrotoxin-treated cultures ( ϭ NMDAR subunit NR1 was examined. NMDARs undergo basal endocytosis in cultured cortical neurons to a much 13.9 Ϯ 2.9 min) ( Figures 1B and 1C) . D-AP5 reduced the AMPAR internalization rate below that of control lesser extent than AMPARs (6.0% Ϯ 1.1% surface NMDAR internalized in 30 min) ( Figures 1A and 1D ). cultures (p Ͻ 0.05, t test), although the percent internalized after 30 min (10.0% Ϯ 1.1%) remained significantly Neither the time constant nor the extent of NMDAR endocytosis was affected by synaptic blockade (TTX) or higher than that observed in TTX-treated cultures (p Ͻ 0.05, t test), suggesting both NMDAR-dependent and synaptic activation (picrotoxin) (Figures 1B and 1D ). TTX and picrotoxin likewise had no effect on either total NMDAR-independent mechanisms of endocytosis. Interestingly, despite having a marked effect on the rate protein expression ( Figure 1E ) or surface expression ( Figure 1G) Figures 1A-1C) without significantly affectThe preferential recycling or retention of AMPARs in the ing steady-state surface expression ( Figure 1F) sugabsence or presence of NMDAR antagonists, respecgests that membrane insertion of AMPARs is also regutively ( Figure 2B ), suggested that neurons possess dislated by activity. Such newly inserted receptors could tinct sorting pathways for AMPARs at synapses. Bearise from stable intracellular pools through rapid transcause both NMDAR activation (Figure 1 ) and AMPAR location or by recycling of recently internalized AMPARs. activation (Carroll et al., 1999a) can trigger AMPAR enTo test whether internalized AMPARs are reinserted docytosis and because activation of both receptors inback into the plasma membrane and to measure the creases with synaptic activity, the fate of AMPARs intereffect of synaptic activity on reinsertion, receptor recynalized via these two mechanisms was examined. cling assays were performed on cultured cortical neuSpecifically, the reinsertion or intracellular retention of rons. In control cultures, internalized AMPARs were rapAMPARs endocytosed in response to 1-2 min applicaidly reinserted into the plasma membrane ( ϭ 9.2 Ϯ 1.5 tions of AMPA or NMDA was measured using biotinylamin) (Figures 2A and 2B . The brief applications of AMPA and NMDA had no loss of biotin was observed when membrane traffickno effect on overall AMPAR subunit protein expression ing of internalized AMPARs was stopped by incubating (data not shown), and no difference was observed beat 4ЊC (Figure 2A) . tween GluR1 and GluR2/3 subunits. In addition, no sigIn addition to regulating the rate of AMPAR reinsertion, nificant change in cell membrane permeability or cell synaptic activity and NMDAR blockade had a significant death was observed 75 min after agonist or vehicle applieffect on the efficiency of AMPAR recycling. In control cation by trypan blue dye exclusion (4.4% Ϯ 1.8% trypan cultures, 89.6% Ϯ 3.1% of internalized AMPARs were positive for control neurons, 4.2% Ϯ 1.1% for AMPAreinserted after 60 min (Figures 2A and 2B observed (Figures 6D and 6E ; 87.4% Ϯ 4.6% of GluR1 Indeed, colocalization with Rab4 actually increased from subunits initially at the cell surface were present 6 hr 58.8% Ϯ 7.2% of internal GluR1 structures labeled for later). Addition of 20 M AMPA caused a more than Rab4 2 min after NMDA treatment to 69.0% Ϯ 4.4% 10 5-fold increase in the degradation of surface GluR1 (Figmin after NMDA (p Ͻ 0.05, t test) . Note that very few ures 6D and 6E; 33.3% Ϯ 3.7% surface GluR1 remaining intracellular GluR1 structures were present 30 min after after 6 hr) that was largely prevented by the lysosomal NMDA treatment, since most receptors are recycled to inhibitors leupeptin, NH 4 Cl, and chloroquine (Figures 6D the plasma membrane (Figures 2 and 3) . However, the and 6E; Leu, 74.0% Ϯ 5.5%; NH 4 Cl, 73.3% Ϯ 7.1%; few intracellular GluR1 structures that remained were CLQ, 70.4% Ϯ 3.8% surface GluR1 remaining after 6 frequently colocalized with TfR and Rab4 (Figures 5C-hr 
BAPTA-AM and protein phosphatase inhibitors on ago-
was also inhibited by the protein phosphatase inhibitor calyculin A (1 M; data not shown). nist-induced internalization was examined. Treatment of cortical neurons with BAPTA-AM (50 M), the PP2B inhibitor FK506 (1 M), the PP2A and PP1 inhibitor okaDephosphorylation of GluR1 Subunits at Serine 845 Accompanies AMPAR Endocytosis daic acid (10 nM and 1 M), or the PP1-selective inhibitor tautomycin (10 M) had no measurable effect on AMPAR The above findings suggest that dephosphorylation events are involved in AMPAR internalization and eninternalization caused by application of 100 M AMPA (Figures 7A and 7B) . However, endocytosis triggered by docytic sorting. To test whether these events include dephosphorylation of AMPARs themselves, the phos-NMDAR activation (20 M NMDA for 1-2 min) was almost completely inhibited by BAPTA-AM (50 M), FK506 phorylation state of GluR1 subunits following agonist treatment of cortical neurons was determined using (1 M), high concentrations of okadaic acid (1 M), or tautomycin (10 M) but not by low concentrations of phosphorylation state-specific antibodies. These antibodies have been extensively characterized for immuokadaic acid (10 nM) that selectively inhibit PP2A (Figures 7A and 7C) . NMDA-induced AMPAR internalization noblot analysis and are highly specific for GluR1 sub- Figure 7D ). Dephosphorylation of serine 845 was maximal 5 min after NMDA treatment (22.4% Ϯ 4.9% phossame 0 Ca 2ϩ conditions and phosphatase inhibitors that prevent AMPAR internalization would also prevent dephorylated relative to untreated controls) and preceded peak NMDA-induced AMPA receptor ( Figure 7D ). Folphosphorylation of GluR1 at serine 845. To test this hypothesis, total membranes from cortical neurons inlowing dephosphorylation, serine 845 was rapidly rephosphorylated over the same time period that AMPARs cubated in 0 Ca 2ϩ conditions or in phosphatase inhibitors were isolated before and 5 min after treating with were being reinserted in the plasma membrane, returning to 81.5% Ϯ 7.0% phosphorylated by 30 min NMDA, a time when dephosphorylation of serine 845 is maximal ( Figure 7D ), and the phosphorylation at serine ( Figure 7D ). In contrast, phosphorylation at the serine 831 CaMKII site was transiently increased by NMDA 845 was quantified by immunoblot analysis. As above, NMDA induced robust dephosphorylation of GluR1 at treatment (125% Ϯ 6% 5 min after NMDA), which then returned to control values by 10 min (Figure 7D ). Direct serine 845 in untreated neurons (22.4% Ϯ 4.9% phosphorylated relative to neurons not exposed to NMDA) activation of AMPARs (100 M AMPA plus 50 M D-AP5, 1-2 min) had no rapid effect on GluR1 phosphorylation at ( Figures 7F and 7G ). This dephosphorylation was almost entirely prevented by performing the experiment either serine 845 or 831 but did cause a slow decline in phosphorylation at both sites ( Figure 7E) . under 0 Ca 2ϩ conditions (50 M BAPTA-AM) (75.4% Ϯ Figures 8A and 8B) . Conversely, addition of the PKA inhibitor KT5720 slightly accelerated detectable phosphorylation of serine 845 was observed on internalized GluR1 ( Figure 7H, top panel, lane 7) , NMDA-induced AMPAR endocytosis but then dramatically reduced receptor reinsertion ( Figures 8A and 8B ). despite the fact that a larger fraction of GluR1 subunits was internalized in these cells ( Figure 7H, bottom , and the proportion of these NMDAR-only syn-
